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a b s t r a c t 
The WEST (Tungsten Environment in Steady-state Tokamak) project is aimed to implement and test 
the ITER W divertor technology in relevant plasma operation conditions. In addition to the ITER-like W 
monoblock divertor target, the WEST project involves W coated CuCrZr target and W coated Fine Grain 
Graphite (FGG) and CFC-N11 (Carbon Fiber Composite) tiles. 
Combined Magnetron Sputtering and Ion Implantation (CMSII) technology was developed and applied 
in the framework of ITER-like wall (ILW) project at JET for W coating of CFC Dunlop 780 DMS tiles Ruset 
et al. (2007) [1]. The coating thickness was in the range of 10–25 μm depending on the position of the 
tiles in the wall. The same technology was also used for W coating of more than 1300 FGG tiles for 
ASDEX Upgrade tokamak. 
In the present paper W coatings of 12.8 μm and 20 μm deposited on PFC (Plasma Facing Components) 
materials used in WEST project will be analyzed. As substrate materials CFC N11, FGG samples were used. 
These substrate materials have different properties compared to materials used for ILW project. GDOES 
(Glow Discharge Optical Emission Spectrometry) and XRD (X-Ray Diffraction) measurements were used 
for assessment of chemical composition and structure of the coatings. 
The behavior of the coatings to the High Heat Flux tests (HHFT) has been investigated by using an 
electron beam test facility. The testing program consisted of ∼300 pulses with duration of 420 s each. 
The surface temperature during the tests was 1200 °C whereas the power density was about 3.5 MW/m 2 . 
© 2016 The Authors. Published by Elsevier Ltd. 
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The WEST project represents a major and important step to-
ard the implementation and testing the ITER technologies in rel-
vant plasma condition. This upgrade of the Tore-Supra reactor will
ffect both the initial geometry and reactor design but also the
ombination of materials that will be used for manufacturing the
FC. The ﬁnal goal of this daring endeavor is to transform Tore
upra in a testing platform not only for ITER but in the same ex-
ent a testing platform able to supply information necessary for the
onstruction and operation of the future fusion devices. A com-
ination of actively cooled elements and inertial cooling compo-
ents will complete the overall image of the up-grade process.
he lower divertor section made of W monoblocks will be actively
ooled and will follow the ITER design and assembling technology
2–4] whereas the upper divertor and other reactor section (baﬄe)ill be coated with W. 
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he performance of the W coated WEST materials to HHF was
nalyzed. 
. Experimental 
Combined Magnetron Sputtering and Ion Implantation method
1] have been used to coat WEST substrates materials with W coat-
ngs. Samples made of FGG (30 × 30 × 6 mm 3 ) type Sigraﬁne
6710 (SGL) and CFC N11 (30 × 30 × 6 mm 3 ) were used as sub-
trate materials. 
In order to assess the inﬂuence of coatings thicknesses on
rotective characteristics of W layers, two different W thicknesses
ere applied to substrates and were subsequently tested and
nalyzed. The coatings layout consists of a Mo adhesion layer (of
–3 μm), and the W layer. The ﬁrst samples batch was coated with
oatings with a total thickness of 12.8 μm whereas the second
atch was coated with coatings with a total thickness of 20 μm. 
GDOES measurements were used in order to investigate the
hemical composition of the coatings. A Spectruma GDA 750
quipment was used in this respect. Ti witness samples werender the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Fig. 1. GDOES depth proﬁle for a W coatings deposited on a Ti witness sample. 
Fig. 2. SEM image of a 12.8 μm W coating deposited on CFC N11 substrate (a) re- 
spectively of a 12.8 μm W coating deposited on FGG substrate (b). coated in the same run with CFC N11 and FGG samples and have
been used for GDOES measurements. 
The performance of PFC elements coated with W relies on the
eﬃciency of coatings to withstand high heat ﬂuxes. These ﬂuxes
should be the same order of magnitude, or as close as possible
in terms of surface temperature and pulse length, with similar
values encountered in a fusion device. In order to address this
issue a HHFT program was established and used to evaluate the
coatings behavior. The heating was performed in a pulsed regime
by using an electron beam test facility described elsewhere [5] .
The accelerating voltage of the electron gun was kept constant at
20 kV for all the experiments. A total number of ∼300 pulses of
420 s were applied to each substrate material/coating combination
tested. The steady state surface temperature during HHFT was
1200 °C. The surface temperature of the coated samples during
the HHFT was kept constant by adjusting the beam current. The
pulse was cut off after 420 s and was resumed when the sample
temperature reached 250 °C. The thermal conductivity of the FGG
is 105 W/m ·K (at 20 °C) and respectively 45 W/m ·K (at 1250 °C),
whereas for CFC N11 the thermal conductivity at 20 °C is 240
W/m ·K (on a direction parallel to the plane ﬁbers) and 150 W/m ·K
(on a direction perpendicular to the plane ﬁbers). At 1250 °C the
thermal conductivity of the CFC N11 drops to ∼75 W/m ·K (on a
direction parallel to the plane ﬁbers) respectively to ∼52.5 W/m ·K
(on a direction perpendicular to the plane ﬁbers). 
The temperature of the surface was measured by using an
IMPAC IR pyrometer operating in the wavelength range 1.45–1.80
μm (temperature range 250 °–20 0 0 °C). An emissivity value of
0.5 was taken into account for the measurements. The pyrometer
spot size is ∼2.7 mm (at a distance of 300 mm corresponding to
experimental layout) signiﬁcantly less than the electron beam spot
diameter ( ∼15 mm). A second point for temperature measurement,
2 mm bellow the sample surface, was used to turn the pulse on
when the lower threshold temperature of 250 °C is reached. This
measurement was performed by a W5% Re /W26% Re thermocouple
inserted into the sample. 
An optical stereomicroscope was used to investigate period-
ically the surface of the coatings. The surface defects (blisters,
delaminations, local melting etc.) produced by HHF test were
identiﬁed and their area was calculated. The ratio between the
damaged area and the total thermal loaded area was represented
as a function of the cycling time. In this way the inﬂuence of
substrate materials and cycling time on the thermo-mechanical
properties of the coating have been evaluated. 
XRD measurements investigations have been performed after
the HHFT in order to identify potential changes of the structure
and composition of the coatings. 
3. Results and discussion 
The coatings layouts consisted of a Mo adhesion layer of ∼3
μm and a top W layer of 9.8 μm respectively 17 μm. The GDOES
depth proﬁle for a W coating of 12.8 μm deposited on a Ti witness
sample is presented in Fig. 1 . The individual layers thickness for W
and Mo determined by GDOES measurements were conﬁrmed by
SEM investigations. 
The SEM investigations revealed the structure and the mor-
phology of the coatings. SEM images for W coatings deposited
on CFC N11 and respectively on FGG substrate are presented in
Fig. 2 a and b. The N11 ﬁbers from the substrate structure and the
individual layers (Mo and W) can be easily observed ( Fig. 2 a). A
columnar structure of the coatings has been evidenced on both
substrate materials (CFC N11 or FGG). 
The ﬁrst set of experiments aimed to test the behavior of W
coatings to HHFT, was focused on coatings with a total thickness
of 12.8 μm. After 15 hours of testing (130 pulses), there was noPlease cite this article as: E. Grigore et al., Tungsten coatings for application in WEST project, Nuclear Materials and Energy (2016), 
http://dx.doi.org/10.1016/j.nme.2016.09.003 
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Fig. 3. The evolution of defects fraction as a function of pulse numbers (W coating 
thickness 12.8 μm). 
Fig. 4. The evolution of defects fraction as a function of pulse numbers (W coating 
































Fig. 5 The inﬂuence of coatings thickness on the evolution of defects fraction (sub- 















































t  ifferences concerning the defects fraction resulted on the surface
f W coatings deposited on FGG respectively on the N11 substrates
 Fig. 3 ) The differences started to be more pronounced at higher
ulses number and after 31.5 testing hours (270 pulses), the
efects fraction on the W coating deposited on N11 substrate were
 times higher than the defects observed on W coating deposited
n FGG substrate. 
A similar behavior was observed for thicker coatings. HHF tests
erformed on 20 μm W coatings showed a similar trend, a better
erformance of W coatings deposited on FGG substrate. Compared
ith W coatings of 12.8 μm, the magnitude of defects for W on
11 substrate increases fast with pulse numbers. After 240 pulses
 fraction of 3.24% of the total surface was affected by defects.
t the same time the defects fraction on W coatings deposited
n FGG substrate was just of 0.032%. In Fig. 4 the dependence of
efect fraction for 20 μm coatings as a function of pulse numbers
s presented. 
One the other hand for the same substrate material (N11) is
as been conﬁrmed that the defects fraction on the surface of
 is related to coating thickness. For W coatings of 12.8 μm the
efects fraction raises after 240 pulses (28 testing hours) to 0.48%
hereas for the coating of 20 μm this percent raises up to 3.24%
or the same testing period ( Fig. 5 ). 
If we analyze the defects from dimensional point of view it
an be seen that the defects dimensions, resulted on surface of W
oating deposited on the FGG substrate, are lower than the defects
imension produced on W coatings on N11 substrate. It can be
een from defects distribution curves in the Fig. 6 a and b that for
 on FGG substrate 90% of the defects have dimensions less than
.01 mm 2 whereas for coating deposited on N11 substrate almost
0% of the defects have dimensions larger than 0.01 mm 2 . Please cite this article as: E. Grigore et al., Tungsten coatings for app
http://dx.doi.org/10.1016/j.nme.2016.09.003 Chemical investigations have been performed after HHFT taking
eferences untested W coatings. XRD investigations performed be-
ore and after HHFT, showed no differences in diffraction patterns.
eﬂection peaks attributed to W [110], [200] and [211] have been
dentiﬁed. 
If we consider the values of the thermal conductivity at the
esting temperature for the substrate materials and for the W
oating (111 W/m K at 1400 K [6] ) one can conclude that the
eat transfer is affected at the interface coating-substrate during
he HHFT. This heat accumulation can cause the development of
efects such as pores or cracks [7,8] that can affect further the
issipation of the heat toward the substrate. In a previous paper
here W coatings deposited on Dunlop DMS 780 CFC were sub-
ected to HHFT at short pulses of 25 s, it was found the formation
f a number of large pores in the interface regions [7] . These
ores resulted from the coalescence of a pore network occurring
t the interface. This increasing of the pores dimensions at the
nterface is the result of heat accumulation at the interface regions
ue to differences in the thermal conduction coeﬃcients. The Mo
nterlayer of ∼3 μm deposited between the W coating and the
ubstrate has a thermal conductivity of 99.6 W/m ·K at, 1400 0 K,
ituated between thermal conductivities of W and substrates (FGG
r CFC N11), reduces somehow the thermal gradient at the inter-
ace. However this in not enough to avoid the formation of defects
t the interface due to the accumulation of the heat deposited into
he coatings during those 420 s when the heat pulse is on. 
Compared with FGG, the CFC substrate has anisotropic thermal
roperties resulted from its pan-needled ﬁbers structure. More-
ver in the case of CFC N11 substrate due to the anisotropy of the
hermal conductivity, the generation of thermal stresses is possible
n addition to the effects mentioned above. This phenomena leads
o a faster degradation of the coatings deposited on CFC N11
ompared with W coatings deposited on FGG. 
. Conclusion 
W coatings with thickness of 12.8 μm and 20 μm have been
eposited on materials used in WEST project. FGG and CFC N11
ubstrate materials coated with W coatings have been subjected to
 program of HHFT. The experiments indicated that both W coat-
ngs of 12.8 μm and 20 μm have a better behavior to HHFT com-
ared with W coatings deposited on CFC N11 substrates. W coat-
ng of 12.8 μm deposited on FGG substrate showed the lowest de-
ects fraction (0.12%) after 31.5 testing hours at 1200 °C. The failure
echanism can be assigned to the defects produced at the inter-
ace regions due to the differences in thermal conductivity coeﬃ-
ients of coating and substrates. The anisotropy of the structure of
he CFC N11 substrate, and in consequence the anisotropy of the
hermal properties, leads to a higher defects fraction on the sur-lication in WEST project, Nuclear Materials and Energy (2016), 
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Fig. 6 The dimensional distribution of defects resulted on W coatings after HHFT (a-FGG substrate; b-CFC N11 substrate). 
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[  face of W coated N11 CFC samples compared with W coated FGG
samples. 
Acknowledgments 
The work was supported by the CEA-RO Program Code: C4-07. 
References 
[1] C. Ruset , et al. , Phys. Scripta T128 (2007) 171–174 . Please cite this article as: E. Grigore et al., Tungsten coatings for app
http://dx.doi.org/10.1016/j.nme.2016.09.003 2] M. Missirlian , et al. , Fusion Eng. Des. 89 (2014) 1048–1053 . 
3] T. Hirai , et al. , Fusion Eng. Des. 88 (2013) 1798–1801 . 
[4] R. Pitts , et al. , J. Nucl. Mater. 438 (2013) 48–56 . 
[5] C. Ruset , et al. , Fusion Eng. Des., 88 (2013) 1690–1693 9-10 . 
6] J.F. Shackelford , W. Alexander , in: Materials Science and Engineering Handbook,
third ed., CRC Press, 2001, p. 416 . 
[7] E. Grigore , et al. , Fusion Eng. Des. 98–99 (2015) 1314–1317 . 
[8] T. Hirai , et al. , J. Nucl. Mater. 392 (1) (2009) 40–44 . lication in WEST project, Nuclear Materials and Energy (2016), 
